INTRODUCTION
Intestinal perforation (IP) is a well-known complication in critically ill neonates with necrotizing enterocolitis (NEC). 1 IP as a result of a spontaneous intestinal perforation (SIP) was first described as an entity distinct from NEC by Aschner et al. 2 in the late 1980s. SIP and surgical NEC share a number of clinical features, including the need for acute surgical intervention and prolonged parenteral nutrition, [3] [4] [5] concomitant metabolic acidosis, hypotension and sepsis. Intestinal ischemia has been postulated to play an etiological role in the development of both entities. 1, [6] [7] Children, who as neonates develop NEC, are at high risk for neurodevelopmental delays. [8] [9] [10] [11] [12] In a large cohort of very low birth weight (VLBW) infants, when controlling for numerous potentially confounding factors, NEC was associated with an increased risk of delayed motor development (Bayley Psychomotor Developmental Index <70). 11 NEC has not been reported to have long-term effects on growth. 11, 12 Little is known about the risk of developmental impairments in VLBW infants with SIP. This study was designed to address this gap in knowledge, and provide prognostic information of interest to neonatologists and the parents of affected infants. Based on prior studies comparing the acute complications of surgical NEC and SIP, we hypothesized that the risk of developmental impairments would be lower among infants with SIP, as compared to those with surgical NEC.
METHODS

Study Design
This was a retrospective, observational cohort study, using data collected from in-patient and outpatient medical records.
Study Subjects
Eligible patients had a birth weight (BW) <1500 g, a discharge diagnosis of IP and were hospitalized in the Brenner Children's Hospital Intensive Care Nursery in Winston-Salem, North Carolina during the study period between January 1996 and December 1999. Eligible infants were ascertained by identifying all patients with a diagnosis of NEC, SIP or IP in the Brenner Children's Hospital NICU database, the North Carolina Baptist Hospital ICD-9 database and the Pediatric surgery registry. Data were extracted by reviewing the in-patient and outpatient records.
Infants were excluded if they had medically managed NEC (Stage 1 or 2 NEC as defined by Bell's criteria), 13 died prior to surgical intervention or had a congenital syndrome or anomaly that is known to be associated with delayed development or growth, including cardiac anomalies, congenital intestinal anomalies (e.g. congenital diaphragmatic hernia, gastroschisis, omphalocele), chromosomal abnormalities and congenital syndromes.
Definition of Exposure of Interest NEC with perforation was defined by radiographic or surgical pathologic evidence of pneumatosis intestinalis or extensive bowel necrosis. A diagnosis of SIP required the absence of radiographic pneumatosis intestinalis, absence of pneumatosis intestinalis at surgery and in the surgical pathology specimen, and a localized perforation with <5 cm bowel involvement.
Primary and Secondary Outcomes
Surviving infants were scheduled for multidisciplinary evaluation at 12 months of age, corrected for degree of prematurity. This evaluation included a uniform neurological examination by a pediatrician, measurement of weight, length and head circumference, the Bayley Scales of Infant Development F Second Edition (BSID) Mental Developmental Index (MDI) and the Psychomotor Developmental Index (PDI). The psychologists who administered the BSID were not aware of the infant's medical history. The initial item set was based on the child's adjusted age. After testing was completed, the psychologists were informed of the child's chronological age so that both adjusted and unadjusted scores could be reported. Pediatricians were aware of infants' medical histories. The primary outcomes of interest were growth percentiles, 14 the presence or absence of cerebral palsy (CP), and the MDI and PDI corrected for degree of prematurity.
CP was defined as an impairment of movement and posture attributed to an abnormality of the brain. CP was clinically diagnosed by examiners of infants at 1-year follow-up and classified as spastic, dyskinetic, ataxic or mixed. Secondary outcomes of interest included length of initial neonatal hospitalization, total days of assisted ventilation and total days of parenteral nutrition.
Ethics
The Institutional Review Board of the Wake Forest University School of Medicine approved the research protocol for this study.
Sample Size
During the study period, 34 infants with either NEC or localized IP survived to discharge and were seen at follow-up. This sample size provided 80% power to detect a difference of at least one standard deviation (15 points) on the Bayley Scales of Infant Development MDI and PDI.
Statistical Analysis
Baseline characteristics of infants with NEC or SIP were described as the mean±standard deviation (SD) or as a percentage. Group comparisons were performed using the two-sample t-test for continuous measures and Fisher's exact test for dichotomous variables. The differences in the mean values for MDI and PDI between the NEC and SIP groups adjusting for baseline patient characteristics were estimated using linear regression models.
RESULTS
During the 4-year study period from January 1996 to December 1999, 1357 VLBW infants were admitted to the Brenner Children's Hospital Intensive Care Nursery. Figure 1 illustrates the frequency of surgical NEC and SIP and the rates of survival and follow-up. The 1-year follow up data were available for 21/28 survivors with surgical NEC (75%) and 13/18 with SIP (72%). There were no differences in mortality or the number lost to follow-up between the surgical NEC and the SIP groups ( Figure 1) . had a smaller mean BW and were more likely to present with a bluish discoloration of the abdomen. Table 2 compares the medical and surgical management of infants with NEC and SIP in the entire cohort. There were no significant differences between the groups in the use of indomethacin for medical treatment of a patent ductus arteriosus or the percentage of infants requiring surgical ductal ligation. All infants in the SIP group and all but four infants in the NEC group received indomethacin as prophylaxis for intraventricular hemorrhage.
Postnatal steroids (PNS) were administered more often to infants with SIP than NEC both anytime during their hospitalization and prior to IP, supporting a previously reported association between early PNS and SIP. [15] [16] [17] [18] More infants with SIP had umbilical arterial and venous catheters. The vast majority of infants with NEC (97%) had received some enteral feedings prior to diagnosis of IP; 70% of infants with SIP received at least trophic feedings (Table 2) .
Surgical management also differed between the two groups. Although the surgical procedure of choice for IP (regardless of etiology) was bowel resection with creation of a stoma and distal mucous fistula, infants deemed too unstable from a cardiopulmonary standpoint were initially treated with a Penrose drain. Penrose drain was the initial surgical intervention more often in infants with SIP than NEC (35 versus 8%; p ¼ 0.004; Table 2 ). Notably, among the 18 survivors of SIP, four (22%) were managed with a peritoneal drain only, never requiring additional surgical intervention. All of the NEC survivors required laparotomy and bowel resection, although one infant with NEC received a drain initially followed by laparotomy. Table 3 compares the clinical characteristics of surviving infants with perforation caused by NEC and SIP. Similar to the entire cohort (Table 1) , surviving infants with NEC had higher BW (Table 3 ). Among survivors, there were more boys in the NEC group and more girls in the SIP group. An initial clinical presentation of a discolored abdomen or groin was more common in survivors of SIP. Hypotension early in the neonatal course was more common among the SIP group as compared with the surgical NEC group. The occurrence of hypotension, acidosis or sepsis at the time of perforation did not differ between the groups (Table 3) .
Among the 28 surviving infants with NEC, all but one (96%) had received some enteral feeds. Among the 18 surviving infants with SIP, six infants (33%) had never been fed. The other 12 surviving infants with SIP were receiving only 10% of their total nutrition as enteral feeds at the time of IP. More survivors with SIP were exposed to PNS. Only 36% of surviving infants with NEC, compared to 72% of surviving infants with SIP, were treated with PNS (p ¼ 0.003; Table 3 ). Outcomes through hospital discharge for the 46 surviving infants are shown in Table 4 . Surviving infants with surgical NEC had an older mean adjusted postmenstrual age (PMA) at discharge compared with infants with SIP (47 versus 41 weeks; p ¼ 0.01) reflecting their longer hospital stays (LOS, 146 versus 114 days; p ¼ 0.03) and slightly older gestational ages (GA) at birth. Total days of assisted ventilation and of parenteral nutrition were longer in the surgical NEC group. Three surviving infants with surgical NEC (11%) and seven surviving infants with SIP (39%) had a cranial ultrasound finding of Grade 3 or 4 intraventricular hemorrhage, while periventricular echodensity (PVED) or periventricular echolucency (PVEL) was found in four (14%) infants with surgical NEC and one (5%) infant with SIP.
The growth parameters and neurodevelopmental findings at 12 months adjusted age are shown in Table 5 . There were no differences in mean weight, length or head circumference at 1-year adjusted age between infants with surgical NEC and SIP. However, more infants with NEC had a head circumference below the 10th percentile based on the National Center for Health Statistics growth grids.
14 The mean corrected MDI was significantly lower in infants with surgical NEC versus SIP (77 versus 91; p ¼ 0.03). Only 38% of patients with surgical NEC had an MDI in the normal range (>85), versus 62% of infants with SIP (odds ratio ¼ 0.38; 95% confidence limit (CL) ¼ 0.09, 1.6). Among the survivors seen at follow-up, seven of 21 (33%) infants with NEC and four of 13 (30%) with SIP had corrected MDI of 70 or less. None of the infants with SIP had an MDIr50 versus three of 21 (14%) of the survivors with NEC.
Mean corrected PDI scores were 68 and 80 (p ¼ 0.09) for surgical NEC and SIP, respectively (Table 5 ). Only 4/21 (19%) patients with surgical NEC had a PDI in the normal range as compared to 7/13 (54%) infants with SIP (odds ratio ¼ 0.2; 95% CL ¼ 0.04, 0.94). Corrected PDI scores of 70 or less were seen in 52% of survivors with NEC and 30% of those with SIP; 42 and 15% of the NEC and SIP survivors, respectively, had corrected PDI scores r50. Nine (43%) infants with surgical NEC versus two (15%) with SIP had CP at follow-up (odds ratio ¼ 4.1; 95% CL ¼ 0.73, 23.44). The results of unadjusted and adjusted mean differences in MDI and PDI using multiple linear regression analysis are shown in Table 6 . The unadjusted mean difference in MDI between the groups was 14 (95% CI, 1, 26) with a confidence interval (CI) that does not cross 0, indicating significance at the 0.05 level. The unadjusted mean difference in PDI between the groups was 11 (95% CI, À2, 25) with a CI that crosses 0, indicating lack of significance at the 0.05 level.
In Model 1 of the multiple linear regression analysis, after adjusting for BW, GA, race, gender and antenatal steroid (ANS) exposure, the association between surgical NEC and low MDI persisted, with an adjusted mean difference in MDI of 15 (95% CI, 3, 28) and a p-value of 0.02. This estimate is similar to the unadjusted mean difference in MDI, suggesting that the lower MDI in the surgical NEC group is not entirely explained by confounding variables in this model, such as BW. The mean difference in PDI was significant at the 0.05 level, adjusting for BW, GA, race and ANS (Model 1 of Table 6 ). The adjusted mean difference in PDI for Model 1 was 14 (95% CI, 0.4, 28) with a p-value of 0.04. This suggests that the variables in this model that favored the surgical NEC group, such as higher BW, masked a significant difference in unadjusted PDI between the groups.
In Model 2, addition of length of stay, duration of assisted ventilation and duration of parenteral nutrition to Model 1 resulted in similar mean differences for MDI and PDI. The adjusted mean difference in MDI was 13 (95% CI, À1, 27) and the adjusted mean difference in PDI was 12 (95% CI, À3, 27). These results suggest that the lower MDI and PDI scores in the surgical NEC group are not entirely explained by the differences between the groups in the variables added in Model 2, such as length of stay. Adding PNS exposure to the model did not improve the fit.
DISCUSSION
This is, to our knowledge, the first report of the neurodevelopmental outcomes of infants with SIP. There has been increasing awareness of this relatively rare complication of prematurity since it was first reported in 1988. 2 Recently, there has been heightened concern about an increased prevalence and an iatrogenic etiology of SIP in infants treated with early corticosteroids or the combination of corticosteroids and indomethacin. 15, 18 The incidence of SIP in the literature is quite variable and highly dependent on clinical practices. In the NICHD Neonatal Network randomized trial of early dexamethasone in infants <1000 g, Stark et al. 15 reported that 13% of infants in the early steroid group and 3% of infants in the placebo group had spontaneous gastrointestinal perforation without NEC. During the 4-year study period, the incidence of SIP among infants <1500 g was 2%. During the majority of this time, infants in our NICU were not treated with early steroids; use of dexamethasone was restricted to a randomized controlled trial in which randomization did not occur before day 14.
19 Notably, our overall rate of IP, whether due to NEC or SIP, was relatively low (5%).
Distinguishing between NEC and SIP can be difficult in infants without obvious pneumatosis intestinalis, the radiographic finding that is the hallmark of NEC. The earliest reports suggested that compared to infants with NEC, those with SIP were likely to have lower BW and GA and to present earlier in the hospital course before the initiation of enteral feeds.
2-5 NEC, on the other hand, was thought to occur most often following the introduction of enteral feeds. [2] [3] [4] In our study cohort, infants with SIP had lower BW and were less likely to have received enteral feeds before perforation, although there was great overlap between the groups limiting reliance on any of these clinical characteristics to distinguish between these entities. Consistent with the published literature, SIP is the more likely diagnosis in infants whose presenting sign of illness is bluish discoloration of the groin or lower abdomen. [2] [3] [4] [5] While infants with SIP were diagnosed somewhat earlier in their hospital course than those with IP caused by NEC, this difference was not significant. Indeed, 50% of infants with NEC and perforation presented in the first week of life. We suspect that an earlier presentation of NEC than is described in the older literature reflects current clinical practice of early enteral feedings; 97% of the NEC cohort and 70% of the SIP cohort were given some enteral nutrition prior to perforation. Thus, time of IP and prior exposure to enteral feeds cannot be used to assign infants to a diagnostic category. Figure 2 is a plot of day of perforation versus BW in the entire cohort of 62 infants with IP. Infants were diagnosed with NEC from very early to quite late in their hospital course. While the majority of infants with SIP presented early, there were exceptions to this rule, with one infant presenting with a spontaneous perforation at day 84 ( Figure 2 ). The major finding from this study was that scores on standardized measures of mental and psychomotor development were higher at 1-year adjusted age among infants with a SIP, compared to those with perforation caused by surgical NEC. This difference persisted after adjustment for potential confounders such as BW, GA, race, gender and receipt of ANS. Although we did not detect a difference between the NEC and SIP groups in somatic growth, a larger proportion of the NEC group had a head circumference below the 10th percentile at 12 months adjusted age. Subnormal head growth has been previously shown to be predictive of poor later cognitive abilities. 20 Thus, our findings support the hypothesis that infants with surgical NEC have poorer neurodevelopmental outcomes than those with SIP.
The purpose of multivariate regression modeling was to assess whether the difference in Bayley MDI for infants with NEC and those with SIP might be due to differences in infant attributes that were present before the onset of NEC or SIP and might, based on prior research, influence Bayley MDI. Of the variables we assessed, five met these two criteria: BW, GA, race, gender and receipt of ANS. While sepsis and cranial ultrasound abnormalities are known to influence developmental outcome, these two factors are potential intermediates in a causal pathway linking NEC or SIP to adverse developmental outcome. We did not adjust for such factors because the goal of the analysis was to estimate the influence of NEC as compared to SIP on neurodevelopmental outcome.
While both SIP and surgical NEC are catastrophic illnesses, we speculate that a more intense systemic inflammatory response, which may trigger injury to the cerebral white matter, is characteristic of NEC. Our findings are consistent with previous reports that indicate that infants with NEC are at high risk for neurodevelopmental problems 9, 10, 12 and suboptimal head growth. 12 In contrast, to our knowledge, the developmental outcomes of infants with SIP have not been previously reported. While survivors of IP due to SIP appear to have better neurodevelopmental outcomes than those with surgical NEC, these infants nevertheless are at high risk for neurodevelopmental morbidity, due to their very low GA, compromised nutrition during a critical period of brain growth, exposure to PNS and decreased social interactions during their prolonged hospitalization. It must be acknowledged that differences in the groups before the onset of IP may have predisposed to both NEC and developmental delays. Our study has the inherent limitation of all observational studies, that is, we cannot exclude the possibility that unmeasured confounding factors explain part or all of the apparent effects of the exposure of interest (NEC) on outcome (Bayley MDI). What we can say with some confidence is that the observed difference is not due to group differences in BW, GA, race, gender or maternal treatment with ANS.
The major limitation of our study is the loss of 26% of study infants to follow-up, which could be a source of bias. In addition, our sample was relatively small, and was drawn from a single medical center, possibly limiting the generalizability of our findings. It is also important to acknowledge the potential imprecision in assigning a baby with IP retrospectively to a diagnostic group. We carefully chose our definitions so as to avoid inadvertent inclusion of subtle cases of NEC in the SIP cohort. In some clinical settings, SIP may be misdiagnosed as the more common and better recognized entity of NEC. For this reason, we chose an unambiguous definition of NEC based on identification of the hallmark radiographic or surgical pathology finding of pneumatosis intestinalis. Nevertheless, it is possible that both the NEC and SIP cohorts are contaminated with patients from the other group. It is worth noting that there is heterogeneity among infants within each diagnostic category with respect to GA and age at presentation that might influence their neurodevelopmental outcome.
Despite its limitations, this study provides new information about growth and neurodevelopmental outcomes of infants with SIP. Among infants with IP, the prognosis is less favorable if the perforation is due to surgical NEC. Our reported findings should prove helpful to neonatologists and pediatric surgeons counseling parents of VLBW infants surviving SIP. 
